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A Force and Displacement Self-Sensing
Piezoelectric MRI-Compatible Tweezer End
Effector with an On Site Calibration Procedure
Timothy McPherson and Jun Ueda
Abstract—This work describes a self-sensing technique for a
piezoelectrically driven MRI-compatible tweezer style end effec-
tor, suitable for robot assisted, MRI guided surgery. Nested strain
amplification mechanisms are used to amplify the displacement
of the piezo actuators to practical levels for robotics. By using a
hysteretic piezoelectric model and a two port network modelfor
the compliant nested strain amplifiers, it is shown that force
and displacement at the tweezer tip can be estimated if the
input voltage and charge are measured. One piezo unit is used
simultaneously as a sensor and an actuator, preserving the full
actuation capability of the device. An on site calibration proce-
dure is proposed that calibrates the combined electromechanical
model without requiring specific loading conditions on the inner
piezoelectric actuators. Experimental validation shows an average
of 12% error between the self-sensed and true values.
Index Terms—Piezoelectric actuation, Self-Sensing, MRI Com-
patibility, Robotic End Effector.
I. I NTRODUCTION
ROBOT assisted surgery has quickly become a highlyactive field of research and is beginning to enter main-
stream medicine with the success of the Da Vinci robot,
developed by Intuitive Surgical Inc. [1]. Concurrently, research
has been undertaken in magnetic resonance imaging (MRI)
guided surgery [2] [3] [4] [5]. The combination of these
two fields has the potential to improve patient outcomes by
allowing an increasing number of procedures to be completed
in a minimally invasive way. To that end, the investigation of
new actuation and sensing strategies that are MRI compatible
is needed to bring robotics into the MRI environment. Recently
a MRI compatible tweezer style end effector suitable for
robotic surgery has been devloped by Kurita et al., and is
the starting point of this research [6].
Self-sensing actuation, or simultaneous actuation and sens-
ing, is a technique that takes advantage of the unique properties
of piezoelectric materials not only to use them as sensors,
but to also simultaneously produced forces and displacements.
This is achieved by using a specially designed circuit. This
concept was originally proposed by Dosch et al. [7]. A bridge
circuit was developed by placing capacitances in series and
parallel with the piezoelectric actuator that produced a voltage
output proportional to velocity or force. The method was sub-
sequently refined and applied by other researchers [8] [9]. The
three main drawbacks of the method are 1) that the operation
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of the bridge circuit requires close matching of the piezo
capacitance, 2) only dynamic (i.e., vibration) measurements
are possible, and 3) the hysteresis of the material is neglect d.
More recent work has addressed some of these issues by
developing methods based on charge measurement, but make
limiting assumptions, such as zero force or zero displacement
on the actuator, and do not directly model hysteresis [10] [11
[12]. New models have also been developed to take hysteresis
into account [13] [14]. As explained in [13], hysteresis is
observed between voltage and charge but not charge and
displacement, which suggests that the hysteresis occurs inthe
electrical domain. This means that for quasistatic operation
charge is linearly related to displacement if there is zero
external force on the actuator, or vice versa, so the linear model
can appear correct. If one attempts to extend this model to a
self-sensing scheme with unknown loading conditions, it is
quickly seen that a model considering hysteresis is needed.
Badel et al. use the hysteretic model of [13] to achieve this,
as well as implementing force control based on the self-sensed
measurement [15]. In this work, calibration of the hysteretic
model required two extreme loading conditions, namely, fully
blocked and fully free. These loading conditions are easily
be realizable in piezoelectric actuators when used as-is, but
cannot be replicated in built-in actuators including amplified
PZT actuators. This paper will show that intricate couplingbe-
tween parameters in the mathematical model makes it difficult
to calibrate the hysteresis model. Kurita et al. investigated the
sensing problem for a tweezer-style end effector, and proposed
using one actuator out of serially-connected actuators solely as
a sensor [6]. Their results were promising, but the hysteresis
was not modeled and the loading condition at the tip needed be
known a priori. Consequently, there is no existing method that
provides means to calibrate the electromechanical hysteresis of
amplified PZT actuators.
In this paper, a new on site calibration procedure will be
presented that does not require specific loading conditions
on the piezo actuator. A self-sensing technique is attractive
because it does not sacrifice actuation capability. An on-site
calibration procedure is developed based on a mathematical
model with a hysteretic piezoelectric model and a two-port
network model of the compliant amplified PZT actuators.
This formalism reveals mathematical insights that lead to an
effective calibration procedure. Although this paper focuses
on the robotic surgery application, the results can be used
for vibration suppression devices for aircraft wings, piezo
controlled engine valves, tip-tilt mirror positioners, and other
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(a) Open (b) Closed
Fig. 1. Fully assembled tweezer structure. The tweezers armct as the third
layer of amplification.
types of micromanipulators, in which amplified PZT actuators
are already in use.
II. T WEEZERSTRUCTURE
Piezoelectric actuators produce extremely small strain but
comparatively large force. For robotic applications, larger
displacements can be achieved by trading off force with
amplification mechanisms, such as the rhomboidal mechanism.
By nesting several of such mechanisms inside each other,
strain rates of up to 20% can be achieved with sufficient force
[16]. Using this principle, piezoelectrically driven tweezers
were developed with three layers of strain amplification [6].
The first layer is made up of five commercially available
Cedrat APA35XS piezoelectric actuators. The APA35XS con-
sists of a multilayer Lead Zirconate Titanate (PZT) stack
actuator surrounded by a single rhomboidal strain amplifier.
These actuators are surrounded by a second amplification
mechanism. Finally, the lever action of the tweezer arms
themselves provide a third layer of amplification. The fully
assembled tweezer device is shown in Fig.1. The tweezers
produce 0.1 N of pinching force when fully blocked or 7 mm
of displacement when fully free, and require a supply voltage
of 0 to 150 V. Detailed information on the development of this
device is found in [6]. Note that the force produced is lower
than the previous version of the device due to manufacturing
difficulties. Future versions of the device are expected to
produce 1 N of pinching force as reported in [6].
Under quasistatic operation, a rhomboidal strain amplifier















Forces and displacements are defined as shown in Fig. 2.
The parameters of the model can be interpreted intuitively
as follows. s1 is the stiffness at the input when the output
is blocked.s2 is the stiffness at the output when the input
is blocked. Finally,s3 is the ratio of force produced at the
blocked output to a given input displacement. The second
and third amplification layers amplification layers can be
similarly represented by two port networks, as described in
[6]. Schematic diagrams are shown in Fig. 3 and Fig 4.
Fig. 2. Schematic diagram of a rhomboidal strain amplifier. Asmall input
displacement∆xpzt is amplified at the output,∆x1.
Fig. 3. Schematic representation of second amplification layer. Five actuators
in series that drive the input of the second layer.
The input-output behavior of nested rhomboidal strain am-
plifiers can be represented by single, combined two port
network if every layer is represented by a two port network
[16]. However, it is not immediately obvious how to account
for the five actuators in series that drive the input of the
second layer. The question arises, can five rhomboidal strain
amplifiers connected in series also be represented by a single
two port network model? If so, the input-output relationship of
the tweezer mechanism as a whole could be assumed to be a
two port network. Consider Fig. 5 and Fig. 6. We assume
that each strain amplifier sees an identical input since the
PZT actuators are connected electrically in parallel. Whent
output is blocked, we have the equivalent of five springs in
parallel at the input, meaning the effectives1 would be five
times that of a single rhomboid. When the input is blocked, the
rhomboids act as springs in series in the output direction, s
the effectives2 is one fifth that of a single rhomboid. Finally,
when the output is blocked, a given input displacement will
create the same output force for a singe rhombus as for five in
series. The reaction forces at connection points cancel, leaving
the output force unchanged. It is now seen that the series
connection of five actuators can be modeled with a single two
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Fig. 4. Schematic representation of the tweezer arms and second amplifi-
cation layer. The output of the second layer drives and inputand the lever
action of the tweezer arms provides the final layer of strain amplification.
Fig. 5. Mechanical analysis of five rhomboids in series, output blocked.
port network. The input force to the combined model is5fpzt
and the input displacement is∆xpzt, since the five PZT stack
actuators act in parallel on the input.
Recall that if each layer of the device can be written as a
two port network, which was just shown, the entire device can














whereS1,S2, andS3 are the parameters describing the com-
bined effects of all three amplification layers.nA is the number
of actuators connected in series, five in this case. This equation




























III. E LECTROMECHANICAL MODELING OF
PIEZOELECTRICACTUATORS
Piezoceramics are known to exhibit pronounced hysteresis,
and this effect is evident in Fig. 8. Note that the nonlinearity
becomes greater with larger inputs, leading to the creation
of minor loops inside the major loop that represents the full
input output range. The electromechanical model proposed
by Goldfarb and Celanovic is now widely in use to model
this behavior [13]. A schematic representation of the modelis
shown in Fig. 7. The model describes the hysteric behavior of
the actuator in addition to the electrical-mechanical interplay
caused the direct and converse piezoelectric effects. The model
is described by (4) through (7).
q = α∆xpzt + CpVp (4)







V = Vp + VH (7)
q is electric charge,V is the input voltage supplied to the
actuator,α is the transformer ratio of the actuator with units
Fig. 6. Mechanical analysis of five rhomboids in series, input blocked.
Fig. 7. Piezoelectric Actuator Model
of N/V, Cp is the clamped capacitance of the actuator,F is
the external force, andk is the short circuit stiffness of the
actuator.H(q) is an operator modeling hysteresis and creep,
as seen in Fig. 8,
Many phenomenological hysteresis models exist that can
be used to defineH(q), such as the Prandtl-Ishlinskii operator
[17], Preisach operator [18], Generalized Maxwell Slip Opera-
tor [13], and differential equations method [19]. The modified
Prandtl-Ishlinkii approach developed by Kuhnen in [20] is
used here due to several useful advantages, such as the ability
to model asymmetric loops and minor loops, an automatic
identification procedure, and extendability to creep modeling.
It is based on the weighted summation of elementary play,
superposition, and creep operators. Identification of weights
can be formulated as a quadratic programming problem,
described in detail in [20]. In short, one experiment is required
to generate an input-output relationship. The weights are then
optimized by a numerical search such that they minimize the
error squared between model and experiment.
IV. SELF-SENSING TECHNIQUE
A. Combined Electromechanical Model of the Tweezer Device





























Note we have negatedF since we wish to represent the force
supplied by the PZT actuator rather than the external force
on the actuator, since the latter is the input to the two port
network model representing the tweezers. Combining (8) with
(3) the force and displacement at the tip can be written in
terms of q and Vp. Note that the matrix of (8) has been
modified to reflect that connection of actuators electrically in
parallel, but constantsα, Cp, andk are with respect to a single
actuator. FornA actuators connected in parallel,α Cp, and
k will all increase by a factor ofnA, which is reflected in
(9). Additionally the charge will benA times that of a single
actuator. As described earlier, herenA is five. By noticing the
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Fig. 8. Hysteresis between input voltage and charge of the middle actuator
of five in the tweezer device. The loops are traversed counterclockwise with
increasing voltage. Note the minor loops that form when the input voltage
range is smaller.
similarity between the first and second rows of the matrix, (9)
























Recalling thatVp = V −H(q), it is now seen that the force and
displacement at the tweezer tip can be sensed simultaneously
if the driving voltage, charge, and hysteresis operatorH(q)
are known.
B. Model Parameter Identification
In prior work on piezoelectric modeling and self-sensing,
identification of model parameters has been relatively straight-
forward [13] [15]. However, the addition of strain amplifi-
cation mechanisms complicates the matter. For a singular,
unamplified PZT actuator, the parametersα, k, andCp, and
the hysteresis operatorH(q) can be identified by taking
three measurements, namely the maximum force generated by
the blocked actuator, the maximum displacement of the free
actuator, and the charge vs. voltage profile of the free actuator
as the input voltage is varied from it’s minimum to maximum
value [15]. When the PZT actuator is nested inside several
layers of strain amplification, it is impossible to recreateth
necessary loading conditions, so a different approach is taken.
















Recall fpzt and∆xpzt are the input force and displacement
supplied by the PZT actuator, whileftip and∆xtip are the
force and displacement at the tweezer tip.The superscriptblock
or free indicates the loading condition at the tweezer tip
when the measurement is taken. As discussed above,ftip and
∆xtip can be measured easily, whilefpzt and∆xpzt must be
estimated from catalog data. Catalog data can also be used to
estimateα, k, andCp. However, it is desirable to reduce the
number of model parameters to calibrate, especially for those
which depend on difficult to measure quantities. To this end,
consider the case of the free tweezer tip, i.e.ftip ≡ 0.
In this case we have



























The termS3 can then be canceled and the equation rearranged
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TABLE I







Combining (21) with (5) and (7) gives












are required to calibrateH(q). Cp and∆xtip can be measured
directly, whileα and∆xpzt can be determined from published
catalog data. OnceH(q) is known,A1, A2, S2A1+S3/nAα,
andS2A2 −CpS3/α can be easily determined by regression.
One further simplifying step can be taken. When the tweezer
tip is free,∆xtip is directly proportionalq [13]. Therefore once
the appropriate scale factorAq is determined, one can write
H(q) = V −
1
Cp
(1− αβAq) q (23)
This is beneficial because after initial determination ofAq the
displacement measurement is not needed to calibrateH(q).
The model parameters in (23) are shown in Table I [21].
V. EXPERIMENTAL VALIDATION
A. Hardware and Setup
The inputs to the sensing model are charge and voltage.
The actuators are driven by a Cedrat CA45 high voltage
amplifier. The amplifier shows good linearity up to 500 Hz,
well above the quasistatic operation considered here. This
means that in practice the supply voltage does not need to be
measured directly, but can be assumed as the amplifier gain
times the input voltage to the amp. This eliminates the need
for high voltage measurement equipment. The voltage across
the actuator is given by
V = Vc − Vs (24)
Charge can be accurately measured by placing a shunt
resistance in series with a PZT actuator and measuring the
voltage drop across it [15]. The charge is then calculated by







q(t) is the charge on the PZT actuator at timet, R is the
shunt resistance, andvs is the measured voltage across the
resistance. Figure 9 shows the circuit used to measure charge.
V is the driving voltage from the amplifier andR is the shunt
resistance. An instrumentation amp measures the voltage drop
across the shunt resistor. An instrumentation amp measures
a differential voltage with a high impedance input on both
the positive and negative terminals and low impedance at













Fig. 9. Charge Measurement Circuit
Fig. 10. Experimental setup for displacement sensing
acquisition hardware and the PZT actuators. It also ensures
that the data acquisition hardware measures a low impedance
source, which will give the best accuracy [22]. The relay
allows the leads of the PZT actuators to be shorted to ground.
Hysteresis is dependent on initial conditions [18]. Shorting the
leads allows a consistent initial condition to be established so
that hysteresis modeling will be more accurate.
To assess the force and displacement self-sensing two ex-
perimental setups are used. Though the self-sensing technique
can estimate force and displacement simultaneously, they are
evaluated separately here because it simplifies taking the
reference measurement. For displacement, a Micro-Epsilon
OptoNCDT 1300 Laser Displacement sensor with a range
of 20 mm and resolution of 4 µm is used as a reference
measurement. The experimental setup is shown in Fig. 10.
To measure the force at the tip a Futek LSB200 load cell
with a range of 1 N and 0.1% accuracy of is used, with
an Omega DRG-SC-BG signal conditioner. The experimental
s tup is shown in Fig. 11 For both cases a National Instruments
USB 6229 was used to measureVs and to output the control
signal to the amplifier. Data was recorded at 1000 Hz, and the
resolution was 162 µV for all measurements.
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Fig. 11. Experimental setup for force sensing
TABLE II
PERFORMANCE OFSELF-SENSINGTECHNIQUE
Performance of Self-Sensing Technique
Measurement Mean Error Mean Error Mean Error
Reported by Reported by
Kurita et al. [6] Badel et al. [15]
Displacement 0.4 mm (12%) 0.39 mm (11%) 0.69 µm (2%)
Force 0.012 N (12%) 0.086 N (11%) 20 N (2%)
B. Experiments and Results
Force and displacement self-sensing were tested under a
variety of loading conditions from fully blocked tweezer tips
to fully free, as well as with various sizes of rigid objects
used as a disturbances. First, the hysteresis operator H(q)was
calibrated using data from the free case. Figure 12 shows the
calibrated operator hysteresisH(q). Fifteen elementary play,
superpostion, and creep operators were used.H(q) shows a
good match to the experimental data, with a maximum error
of 3.34 V and an average error of 0.81 V, or 2.4% and 0.58%
respectively of the output range. If the actuator is discharged
before reaching it’s maximum charge capacity minor loops
will form. Also, note that charge is now the independent
variable, as dictated by the model in Fig. 7.
Table II summarizes the performance of the self sensing
technique. Figures 14 and 15 show the self-sensed displace-
ment and force versus the reference measurement for a variety
of loading conditions. Note these figures show the estimation
of ∆xpzt/2 since the laser sensor measures only one side of
the tweezers. The displacement of the other side is assumed
to be identical. Two simple techniques were implemented to
slightly increase the accuracy. The force and displacement
measurements were limited to their respective maximum and
minimum values. Additionally, for the displacement measure-
ment slight drift was removed with a sliding DC offset. The
offset reset as the current displacement measurement whenever
the input voltage was zero. Figure 13 shows the effect of these
techniques. Two input signals were used, one purely sinusoidal
and one a mixture of trapezoidal and sinusoidal inputs. The
pure sinusoidal input was also used in the calibration of the
hysteresis operator. The average accuracy of the self-sensed
measurement is 12% of the dynamic range.





















Fig. 12. Hysteresis operatorH(q) calibration. The loop is traversed
clockwise with increasing charge. Minor loops form if less charge is collected
on the actuator when it discharges.
























Fig. 13. Effect of Limiting and Sliding DC Offset
VI. D ISCUSSION
Though error is present, the accuracy of the self-sensing
method is comparable to that reported Kurita, et al. in an
earlier study of the same device [6]. However, the sensing
method developed in that work relied on prior knowledge of
the loading condition as either fixed or free. Due to the con-
stant boundary conditions, i.e. fully blocked tip, the force (or
displacement) at the tip depends only on the measured charge.
Since hysteresis is generally not observed between charge
and force (or displacement), the sensing accuracy is limited
only by the charge measurement. The method presented here
has lower accuracy but extends the sensing capability to
situations with unknown tip conditions. This is beneficial
since in many applications the condition at the tip cannot
be known a priori. To meaningfully compare the accuracy
between different studies, the accuracy as a percent of the
full scale output should be compared. Note that the absolute
rror reported here is lower than that in [6]. This is due to
the fact that the version of the tweezers used in this study
produced less output force due to manufacturing difficulties.
If more output force was produced the measurement would
b scaled up, but the signal to noise ratio of the charge and
voltage measurements would remain the same. Since the noise
would be scaled up as well the error as a percentage of full
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Fig. 14. Blocked Force and Free Displacement
scale output should remain the same.
The accuracy reported here is lower than that reported by
Badel et al. in [15], where a similar method was used but
for a solitary PZT actuator. There are several possible causes
of error. First, the tweezers mechanism is very compliant.
This means that a large change in displacement at the tip
corresponds to a small change at the PZT actuator. Consider
the simple mechanical system in Fig. 16, which represents a
PZT actuator in series with a stiffness and serves to illustrate
the effect in question. If the endpoint is free, the displacement










If k1 is small relative tokpzt the displacements in the blocked
and free cases will be very close to each other. The tweezer
mechanism is more complicated than the system in Fig. 16,
but the basic effect is the same, namely the displacement of the
displacement of the PZT actuator will not vary much between
the blocked and free cases. Charge is directly related to the
displacement on the actuator and the applied voltage, based
on (4). This means that for the same driving voltage a small
change in the displacement, and subsequently charge, will
cover the entire range of loading conditions at the tip. In effect,
the signal to noise ratio is drastically worsened, meaning that
not only the charge and voltage measurements but also the
hysteresis model must be extremely accurate.
In fact, despite the less than 1% average error of the hystere-
sis model, this mismatch is likely the main cause of error. The
force predicted by the self-sensing technique in the free cas
shows the effect of mismatch in the hysteresis model since this
is the calibration case for the hysteresis operator. Therefore
the effect of the mismatch on force prediction can be shown
by subtracting this case from any other, given the same input
voltage. Figure 17 shows a self-sensed force measurement,
and the same measurement when the error due to model
mismatch has been subtracted. This significantly improves th
measurement, indicating that despite its relatively low error
the hysteresis operator is the main limiting factor of accura y,
rather than charge or voltage measurement. This indicates that
for a robot with a set of prepregrommed motions, the model
er or could be calculated in advance and used to improve the
sensing accuracy. For example, if the tweezer end effector was
controlled by the push of a button to toggle between open
or closed, the self sensing method could be used to obtain
useful information such as the size of a grasped object. If
the command is not known in advance, increasing the number
elementary operators in the hysteresis model could providea
slight increase in accuracy, but this becomes computationally
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Fig. 15. Intermediate Loading Conditions
intensive and will reach a point of diminishing returns. Addi-
tionally, the creep effect is another source of error. Priorw k
on self sensing, even those assuming quasistatic operation, has
been limited to a time scale of milliseconds, over which the
effect of creep is negligible. For a robotic end effector thetime
scale of interest is seconds or minutes, at which point creep
can no longer be ignored.
(a) Free (b) Blocked
Fig. 16. A simple model of a PZT actuator and a stiffness in serie






























Fig. 17. The effect of hysteresis model mismatch on accuracy
VII. C ONCLUSION
A self-sensing technique has been developed that allows the
force and displacement of a tweezer style end effector to be
simultaneously estimated if voltage and charge are measured.
This technique relies on a hysteretic piezoelectric model and
two port network modeling of nested strain amplification
mechanisms. Additionally, an on site calibration procedurwas
developed that does not require specific loading conditionson
the piezo actuator. By making a simplifying assumption the
hysteresis operator characterizing the system can be calibrated
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(a) Reference (b) Tweezer Device in Chamber
(c) Difference between refer-
ence and tweezer test
Fig. 18. Static test of tweezers’ effect on MRI image quality
with an experiment requiring an unloaded tweezer tip. Once
the hysteresis operator is known other model parameters are
easily identified by regression. The modified Prandtl-Ishlinks i
approach was used to model hysteresis. Despite the method’s
accuracy, it was seen that hysteresis model mismatch was a
major cause of error, due to the highly compliant tweezer
structure. The force and displacement measurements were seen
to have an average error of 12%, comparable to the much
more limited method in [6]. Potential future work in this are
could involve development of more advanced signal processing
techniques to improve the accuracy of the estimation, as




To ensure MRI compatibility the device must be constructed
with materials of sufficiently low magnetic susceptibility. As
a ceramic, PZT is relatively unaffected by magnetic fields.
The metal amplification structure of the Cedrat APA35XS
actuators are titanium. This is a non-standard option, but is
readily available from the manufacturer. The tweezer structure
itself is machined from phosphor bronze. Both titanium and
phosphor bronze have relatively low magnetic susceptibility
and are considered safe to use in MRI environments [23].
MRI compatibility encompasses two main ideas. First, the
device should experience forces and torques within the MRI
chamber that are low enough to be negligible. Second, the
imaging should be degraded as little as possible [23]. A static
test was performed to asses the MRI compatibility of the
device. As expected, the device was not significantly affected
by the magnetic fields. The effect on the image quality is
shown in Fig. 18. The images show a round ball in the MRI
chamber. The tweezers create slight distortion of the image.
Additionally the signal to noise ratio of the image is lowered
slightly from 22.84 to 21.08. In general the image distortion
is not severe. Though only a static test was performed,
piezoelectrically driven devices constructed of titaniumhave
been tested by Cedrat and were shown to produce acceptable
levels of image distortion [24]. Other studies have also shown
piezoelectrically driven actuators will produce low levels of
noise and distortion with appropriate shielding of the driving
electronics [25] [26]. This indicates that the device couldbe
likely be used in the MRI environment, though a dynamic test
is needed to fully assess the device’s impact on the MRI image
quality.
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